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Abstract
A popular framework for exploring Lorentz violation is the Standard Model Extension. This
extension contains a large number of parameters that can be bounded in various experiments.
Most studies, however, focus on the fermion or photon sector. Here, we consider Lorentz violation
in the weak vector boson sector. The strongest bounds come from measurements of the asymmetry
in Møller scattering. We study the bounds that can be obtained from future measurements of the
parity violating asymmetry in deep inelastic electron-proton scattering at the EIC, the LHeC and
the FCC-eh. For the FCC-eh, the bounds could be substantially improved over current bounds by
including timing information.
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I. INTRODUCTION
While the Standard Model is successful at describing physical phenomena at the highest
energies measured, it is expected to break down when gravitational effects are no longer
negligible. Since many models of quantum gravity are nonlocal, one might expect Lorentz
invariance to be violated at a high energy scale. While it is expected that this high energy
scale would be the Planck scale, requiring very high precision studies, larger effects are
possible, and the question of Lorentz violation is one that should be probed experimentally.
In general, it is difficult to write the most general Lorentz violating theory. Even the
meaning of a Lagrangian becomes uncertain in such a theory. An extremely useful approach
was developed years ago by Colladay and Kostelecky´ [1–4], who constructed the Standard
Model Extension (SME). This model is based on the Standard Model, but adds Lorentz
violating terms which satisfy the Standard Model gauge symmetry and have dimension less
than or equal to four. The extra terms also are invariant under observer Lorentz transfor-
mations, i.e. all Lorentz indices must be contracted and the physics does not depend on the
choice of coordinates. The Lorentz violation is also independent of position and time, so that
energy and momentum are conserved. The model contains a large number of parameters
that can be experimentally constrained, and there are many hundreds of papers studying
constraints on these parameters (an extensive list, updated to 2016, can be found in Ref.
[5]).
The vast majority of these studies have involved long-lived particles, and only a few have
involved, for example, heavy scalar and vector bosons [6–16]. Most of these involve fermions,
studying, for example, beta-decays. Recently, Fu and Lehnert [17] considered bounds on
parameters that only involve gauge bosons. They studied bounds involving internal Z
boson lines in electron-electron scattering experiments searching for parity violation, and
found that bounds from the E158 experiment at SLAC improved previous bounds by two
orders of magnitude. The parameters they considered arise from the Lorentz violating terms
in the SME
L = −1
4
(kB)κλµνB
κλBµν − 1
2
(kW )κλµν tr
(
W κλW µν
)
. (1)
The coefficients kB and kW are real and dimensionless. They have the symmetries of the
Riemann tensor and a vanishing double trace, so there are 19 coefficients each. These are
CPT even; we will not discuss CPT odd terms since they are associated with negative energy
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contributions. Fu and Lehnert also discuss the fact that a relevant term in the Higgs kinetic
energy SME Lagrangian will not have an effect on the results, and we will ignore that here.
Writing the above Lagrangian term in terms of the photon and Z gives
L =− 1
4
(kB cos
2 θW + kW sin
2 θW )κλµνF
κλF µν
− 1
4
(kW cos
2 θW + kB sin
2 θW )κλµνZ
κλZµν
− 1
4
sin 2θW (kW − kB)κλµνF κλZµν
(2)
Here, F µν = ∂µAν − ∂νAµ, Zµν = ∂µZν − ∂νZµ. The first term in this expression deals with
Lorentz violation in the QED sector. This is very strongly constrained by many experiments
and is completely negligible, so one can set kB = − tan2 θWkW . The resulting Feynman rules
are given in Figure 1. It is the kW coefficients that Fu and Lehnert bound from considerations
of parity violation in electron-electron scattering. In this paper, we extend the work of Fu and
q
Z γ
λ ν = −2i tan θW (kW )κλµνqκqµ
(a)
q
Z Z
λ ν = −2i(1− tan2 θW )(kW )κλµνqκqµ
(b)
FIG. 1: Propagator insertions afforded by Eq. 2.
Lehnert to include parity violation in electron-proton scattering. This has been measured
precisely at Qweak, and will also be measured at the Electron-Ion Collider (EIC)[18–20],
Large Hadron-electron Collider (LHeC)[21] and eventually at the Future Circular Collider
(FCC-eh)[22]. There have been studies of effects of Lorentz violation in deep inelastic
scattering[23–25], but these all consider the quark sector coefficients on the scattering. We
considered the pure gauge sector coefficients. The model and calculations are presented in
Section 2 and the results are discussed (for each proposed future experiment) in Section 3,
as are our conclusions.
II. ELECTRON-PROTON SCATTERING
In parity violation in elastic ep scattering, such as at Qweak, the Lorentz violating effects
are proportional to Q2/M2Z , which is very small. This suppression makes it impossible to
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strengthen existing bounds on kW .
We instead consider inelastic e−p → e−X scattering. Only energies high enough for
the parton model to hold are considered. The e−p → e−X cross section in terms of the
e−qi → e−qi quark subprocess cross section is(
d2σ
dE ′ dΩ
)
ep→eX
=
∑
i
∫ 1
0
dx fi(x)
(
d2σ
dE ′ dΩ
)
eqi→eqi
. (3)
The functions fi(x) are the usual parton distribution functions (PDFs) and the sum over
i ranges over all quark flavors. The diagrams contributing to the quark subprocess are in
Figure 2.
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FIG. 2: Diagrams contributing to the process e−qi → e−qi.
We denote by |Mi,h|2 the squared sum of the diagrams in Figure 2, where h = L,R is
the helicity of the incoming electron and i is the quark flavor. This matrix element can be
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written
|Mi,h|2 = |Mi,h|20 + δ|Mi,h|2 ,
where |Mi,h|20 contains the usual standard model contribution and δ|Mi,h|2 is the Lorentz
violating correction. The explicit form of δ|Mi,h|2 is rather long, so we have placed it in
Appendix A.
The primary observable is the asymmetry
A ≡ dσL(ep→ eX)− dσR(ep→ eX)
dσL(ep→ eX) + dσR(ep→ eX) . (4)
Expanded to leading order in kW in the lab frame, the asymmetry is of the form A =
A0 + δA where A0 is the Standard Model result and δA is the Lorentz violating correction
proportional to kW .
In order to cast δA into a form suitable for numerical analysis, we employ a parameteriza-
tion of kW due to Fu and Lehnert [17] in terms of a dimensionless vector ξ = (ξx, ξy, ξz). This
is a substantial simplification of the analytical calculation, which reduces the 19-dimensional
parameter space to a 3-dimensional parameter space. It seems reasonable, since time and
space coordinates do not mix, but there is no general argument as to why these three param-
eters should dominate the effects. Fu and Lehnert then define ξµ ≡ (0, ξ)µ and ζµ ≡ (1,0)µ
we can write
(kW )
κλµν =
1
2
[
gκµξ{λζν} − gκνξ{λζµ} + gλνξ{κζµ} − gλµξ{κζν}] ,
where ξ{µζν} ≡ 1
2
(ξµζν + ξνζµ)
(5)
This parameterization reduces our problem to the bounding of ξ, which now expresses the
entirety of the Lorentz violation effect.
One needs to consider the coordinate system in order to define kW (and hence ξ). The
canonical choice is sun-centered celestial equatorial coordinates [3]. Consequently, the cal-
culation of δA will require all momenta to be expressed in this frame. To change to these
coordinates from those usually employed in scattering calculations1 one must first trans-
form to the coordinate system with xˆ pointing south, yˆ pointing east, and zˆ normal to
the Earth’s surface. Changing to this reference frame will involve rotations that depend on
1 E.g. coordinates chosen so that the plane of interaction is spanned by zˆ and either of xˆ, yˆ.
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the azimuthal scattering angle φ and the angle β of the electron beam east of south. The
rotation 
cosχ cos Ω⊕t − sin Ω⊕t sinχ cos Ω⊕t
cosχ sin Ω⊕t cos Ω⊕t sinχ sin Ω⊕t
− sinχ 0 cosχ
 (6)
then transforms to the sun-centered celestial equatorial coordinate system [3]. Here, Ω⊕ =
2pi/(23 h 56 min) and χ is the colatitude of the lab. This last rotation need not include a
boost, since the Earth’s motion is completely nonrelativistic.
Notice that the only 3-vectors appearing in the problem are the incoming (outgoing)
electron momenta k (k′) and the parton momentum p. Then since δA is a scalar quantity
proportional to kW , it must be a linear combination of the dot products kˆ · ξ, kˆ′ · ξ, and
pˆ · ξ. It is then straightforward to show that
pˆ · ξ = −kˆ · ξ
kˆ · ξ = f1 cos(Ω⊕t− δ1)
√
ξ2x + ξ
2
y + constant
kˆ′ · ξ = (f2 cos(Ω⊕t− δ2) + f3 cos Ω⊕t)√ξ2x + ξ2y + constant
(7)
The parameters used in the above expressions are given in Table 1. The overall additive
constants we have chosen to omit above are time independent and therefore not easily disen-
tangled from Standard Model effects. Fu and Lehnert also find a dependence on
√
ξ2x + ξ
2
y .
The ξz piece is not sensitive to the time dependence since the z-direction is perpendicu-
lar to the Earth’s surface, and the azimuthal dependence vanishes, as they show, in the
ultrarelativistic limit. Using Eq. 7 we can cast the correction into its final form
δA = A(θ, φ) cos (Ω⊕t− δ(θ, φ))√ξ2x + ξ2y + constant (8)
The computation of δ and A must be done numerically as a function of θ, all the parameters
in Table 1, and the beam energies associated with the given experiment. This is the subject
of the next section.
III. RESULTS AND CONCLUSIONS
The calculation is now straightforward. One uses Eq. A3, with F (the proton energy)
replaced by the quark energy, xF , and then kinematically replaces E ′ with
2xEF
E + xF − (E − xF ) cos θ .
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γ arctan(tan θ sinφ)
δ1 − arctan(tanβ/cosχ)
δ2 − arctan(tan(β − γ)/cosχ)
f1
√
1− sin2 β cos2 χ
f2
√
1− sin2 θ cos2 φ
√
1− sin2(β − γ) cos2 χ
f3 |sin θ cosφ sinχ|
TABLE I: Explicit forms of the parameters in Eq. 7. Recall that β is the beam angle east of south,
χ is the colatitude of the beam, and θ (φ) is the polar (azimuthal) scattering angle of the scattered
electron.
The cV,Ai are then input into Eq. A2 and then the matrix elements in Eq. A4 are summed.
Note the factor of h in the matrix elements—this is −1 for left-handed electrons and +1 for
right-handed electrons. The dot products involving ξ are in Eq. 7. Then one integrates over
the parton distributions and the asymmetry is determined. The final form is in Eq. 8, and
we just need to determine A(θ, φ).
The resulting asymmetry depends on the colatitude, χ, which we will take to be 45 degrees
(this is fairly close to all current and future laboratories). It depends on β, the angle of the
beam east of south, which will, in due course, be known for any collider. The only remaining
variables are the polar and azimuthal angle of the scattered electron. One could, of course,
integrate over these variables, but it is useful to see the dependence explicitly.
Our results for the FCC-eh are in Figure 3. In Figure 3(a), we show the value of A (in
Equation 8) as a function of θ for various values of φ. Here, we have set β = 45 degrees.
Note that the Lorentz violating corrections are peaked in the backward direction. In Figure
3(b), we show the value of A as a function of θ for various values of β, setting φ = 60 degrees.
If one integrates over the solid angle in the backward hemisphere and divides by 2pi, one can
get an “average” value of A. Typical values of A are 0.3-0.7, depending on β, and thus the
result in Equation 8 is this value times
√
ξ2x + ξ
2
y times an oscillation with a period of the
Earth’s rotational period.
In Figure 4, we have given the results for the LHeC. The general structure is similar to
the FCC-eh, but the amplitude is roughly an order of magnitude smaller. We will not show
results for the EIC—the structure is similar but the amplitude is 2-3 orders of magnitude
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FIG. 3: Graphs of A(θ, φ) for FCC-eh energies. In (a), β is fixed to 45° while φ takes on the
values on the right of the graph. The reverse is true for (b).
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FIG. 4: Graphs of A(θ, φ) for LHeC energies.
smaller. The reason that the LHeC and EIC have much smaller effects is entirely due to the
center of mass energy of the colliders. The LHeC has a proton beam that has an order of
magnitude less energy, and the EIC has an even smaller energy.
In the work of Fu and Lehnert [17], the value of
√
ξ2x + ξ
2
y was bounded by studying the
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E158 experiment at SLAC [26, 27], which studied Møller scattering. The bound arose by
requiring that the amplitude of the fluctuation be smaller than the statistical uncertainty
in the E158 experiment, and gave an upper bound of 3.4 × 10−7. They noted that the
upcoming MOLLER experiment at Jefferson Lab would, using the same argument, be able
to improve this by a factor of 1.4. They also pointed out that the different beam directions
might provide access to different components of (kW )κλµν , thus even if the bound could not
be improved, it would be valuable to search for Lorentz violation. This is already a low
bound and it might seem difficult for the FCC-eh to do much better.
The Fu-Lehnert analysis only considered the amplitude of the oscillation—the actual
rotation period of the Earth did not enter into the analysis. This is not surprising, since
the timing of events for E158 are not available. If such timing is included for the FCC-eh,
then it might be possible to perform a fit including the explicit time-dependence and thus
improving the bound. Even if one does not do this, it is likely that a good bound could be
obtained. While we do not know the estimated uncertainties in DIS parity violation at the
FCC-eh, it has been reported[22] that DIS at the FCC-eh will be sensitive to sin2 θW to an
accuracy of 0.001. This is a factor of four better than the E158 experimental uncertainty,
and thus it is plausible that the FCC-eh will improve the bound substantially. At the LHeC,
the size of the effect is an order of magnitude smaller, but a comparable bound might still
be reached.
Even if the bound obtained by E158 cannot be reached, one must remember that the
Fu-Lehnert parameterization of Eq. 5, while quite reasonable, essentially considers a three
dimensional slice of the 19-dimensional space of (kW )κλµν . Thus, a fit including to a potential
time-dependence in future deep inelastic experiments could prove worthwhile.
In future deep inelastic parity violation experiments, the values of the latitude and elec-
tron beam direction will be fixed, and it will be straightforward to use our results to find
the polar and azimuthal angular dependence of the Lorentz violating effect. By fitting to
a sinusoidal dependence with a period of the Earth’s rotation, one will be able to bound√
ξ2x + ξ
2
y , if the Fu-Lehnert parametrization is adopted. But even without that parametriza-
tion, a search would be worthwhile, since it is sensitive to the entire 19-dimensional space
of (kW )κλµν .
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Appendix A: Computation of δ|Mi,h|2
The terms in
δ|Mi,h|2 = 2 Re
{M∗γMγZ +M∗γMZγ +M∗γMZZ +M∗ZMγZ +M∗ZMZγ +M∗ZMZZ }
all have the same trace structure. Each has a factor of (kW )
κλµν(k′κ − kκ)(k′µ − kµ) times
either of
tr[/k′γλ/kγρ] tr[/p′γν/pγρ] or tr[γ5 /k′γλ/kγρ] tr[γ5 /p′γν/pγρ] . (A1)
Let E be the incoming electron energy, E ′ the scattered electron energy, θ the scattering
angle, and F the incoming proton energy. Then using the Fu-Lehnert parameterization one
can write (kW )
κλµν(k′κ − kκ)(k′µ − kµ) times either of the traces in Eq. A1 as
Y V,A = cV,A1 k · ξ + cV,A2 k′ · ξ + cV,A3 p · ξ . (A2)
Here, cVj and c
A
j refer to the first and second traces in Eq. A1, respectively. Abbreviating
c ≡ cos θ for notational clarity, one finds
cV1 = 8FE
′[−5(1− c2)EE ′F + 4(c− 1)E3 − 2(1 + c)E2((c− 1)E ′ − F ) + (c+ 1)2E ′2F ]
cV2 = 16EF [(c− 1)EE ′(2E ′ + F )− (c+ 1)E ′2((c− 1)E ′ + (c− 2)F )− 2E2F ]
cV3 = 8(c− 1)EE ′F [(7c+ 5)EE ′ − (c+ 1)E ′2 − 2E2
cA1 = 8(1− c)EE ′F [(1 + c)EE ′ + (1 + c)E ′2 − 4E2]
cA2 = 16(1− c)EE ′F (E − E ′)((1 + c)E ′ + E)
cA3 = −8(1− c)2E2E ′2(E + E ′) (A3)
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This gives
2 Re(M∗γMγZ) =
−Qe4
2 cos2 θwt2(t−M2Z)
(GV Y
V − hGAY A)
2 Re(M∗γMZγ) =
Q2e4(gV − hgA)
2 cos2 θwt2(t−M2Z)
Y V
2 Re(M∗γMZZ) =
Qe4(1− tan θW )(gV − hgA)
4 cos2 θw sin
2 θwt(t−M2Z)2
(GV Y
V − hGAY A)
2 Re(M∗ZMγZ) =
(gV − hGA)e4
8 cos4 θw sin
2 θwt(t−M2Z)
((G2V +G
2
A)Y
V − 2GVGAhY A)
2 Re(M∗ZMZγ) =
−(gV − hgA)2Qe4
8 sin2 θw cos4 θwt(t−M2Z)2
(GV Y
V − hGAY A)
2 Re(M∗ZMZZ) =
−(gV − hgA)2e4(1− tan θw)
16 sin4 θw cos4 θw(t−M2Z)3
((G2V +G
2
A)Y
V − 2GVGAhY A)
(A4)
Here, gV and gA (GV and GA) are the vector and axial vector couplings of the electron and
quarks, respectively, and Q is the quark charge.
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